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TUNABLE  PARAMETRIC  OSCILLATORS  BETWEEN  LO  pm  -  5.0  pm 


INTRODUCTION 


Basically  there  are  three  non-linear  processes  for  the  production  of 
tunable  coherent  radiation  between  1.0  pm  and  5-0  pm.  These  include  para¬ 
metric,  Raman  and  Brillioun  interactions .  The  last  two  are  similar 
physical  origin,  both  being  a  consequence  of  the  modulation  of  the  dielectric 
constant  of  the  medium  by  the  natural  vibrational  modes  of  the  medium.^  The 
incident  electromagnetic  radiation  is  scattered  with  a  frequency  shift  equal 
to  the  character! st ic  vibrational  frequency  of  the  nediun,  \n  the  Raman 
effect,  scattering  from  the  "opticM^modss  of  vibration  causes  frequency 
shifts  an  the  order  of  *+**r&l  hundred  angstroms,  whereas ,  in  the  Brillioun 
effect* scatter ing  from  the  "acoustical11  modes  of  vibration  causes  frequency 
shifts  on  the  orde*'  of  several  gigahertz. 


Both  of  these  last  two  interactions  are  restricted  to  discrete  frequency 
shifts  which  are  multiples  of  the  natural  vibrational  modes.  In  contrast,  the 
parametric  process  allows  for  continuous  tuning  over  a  bandwidth  limited  only 
by  the  transmission  spectrum  of  the  optics  and  by  phase  matching  requirements. 


This  paper  is  intended  as  a  review  of  existing  parametric  oscillator 
designs  for  the  production  of  tunable  radiation  between  1.0  pm  and  5.0  pm. 
it  is  meant  to  be  a  general  review  of  the  practical  requirements  in  the 
design  and  construction  of  these  oscillators  and  not  a  detailed  analysis 
of  the  relevant  physics.  Ample  references  are  given  for  the  reader  who 
may  be  interested  in  a  more  detailed  account. 


GENERAL  DISCUSSION 

The  optical  parametric  frequency  converter  utilizes  the  non-linear 
nature  of  the  induced  polarization  wave  in  an  optically  transparent  medium 
to  generate  sum,  difference,  and  harmonic  frequencies^’*  3  When  used  in 
conjunction  with  an  optical  cavity  tuned  to  the  new  wavelengths ,  resonant 
enhancement  of  these  new  frequencies  will  occur  at  the  expense  of  th3  input 
frequency  or  frequencies. 3, ^ 


Most  optical  pararetric  oscillators  are  designed  to  operate  according 
to  second  order  theory.  That  is,  the  induced  polarization  wave  ooeys  the 
relation 


<  y  £  +  V 

o'*!  Non-linear 


(i) 
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(2) 


which  is  second  order  n  the  applied  fields  E.,  E^,.  Equation  (2)  inserted 
in  riaxwe  1  i  S  equations  aiicws  for  energy  CA<_hcjfiue  between  lluee  e  ice  L.  i  umcu- 
netic  waves,  designated  as  “  the  "pumo'1  wave,  u>j  -  the  signal  wave  and 
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to  -  the  idler  wave.  These  three  waves  may  interact  in  a  variety  of  ways  to 
yield  sum,  difference  or  harmonic  frequencies. 

In  ord*r  to  make  clear  just  what  type  of  processes  may  occur,  iet  us 
define  the  following  terms: 

"Difference  frequency  generation"  is  s imply  wr i tten  as 

«>,  =  a>2  “  “3  (3) 

where  the  "pump11  wave  mixes  with  the  "idler11  wave  yield  the  differ¬ 

ence  frequency  a?. ,  (signal).  Of  course,  the  names  "signal1  and  "idler"  are 
interchangeable  here,  the  output  beam  usually  being  referred  to  as  the  signal. 
Equation  (3)  is  simply  a  statement  of  conservation  of  energy 


R  tUj  =  7i  te2  -  R  (*+) 

where,  from  quantum  theory,  n  =  PLANCK*s  cons tant/2n.  Notice  that  the  pump 
wave  at  must  have  a  greater  energy  than  the  signal  and  idler  waves,  This 
means  that  energy  is  taken  from  the  oucp  wave  and  delivered  to  the  signal  and 
idler  waves  as  the  process  continues.  fhc  signal  and  idler  are  oresent 
•nitiailv  in  the  form  of  rotse.  This  interact'on  *s  also  referred  tc  as  "down- 
conversion"  since  both  signal  and  idler  are  at  a  lower  freqc»ency.  A  ^Decial 
case  arises  when 


The  equation  then  becomes 


cu  3  2ujy 
2  T 


(6) 


This  is  termed  the  "degenerate"  mode  of  operation,  where  the  signal  and  idler 
have  the  same  frequency.  It  is  also  the  most  efficient  form  of  down-covers  ion 
since  both  the  signal  and  idler  are  useable  as  the  "output." 

For  now,  let  it  be  stated  that  this  process  or  interaction  will  proceed 
only  if  the  following  "phase  matching"  condition  is  sat  1 sf ied  w i th i n  the 
non- 1< near  crystal; 


where 


wave vector 


n  -  index  of  refraction 
X  a  wavelength 


(7) 

(8) 


2 


This  is  simply  a  statement  of  conservation  of  momentum 


is) 


in  the  sense  of  Equation  (4). 

Other  interactions  may  take  place  within  the  oscillator  (parametric) 
cavity  if  different  phase  matching  conditions  are  set  u;j.  For  example, 
“sum  frequency”  generation  will  proceed  if  the  crystal  *s  so  oriented  such 
that 


k,  *  k,  +  k 
•  j 


(10) 


Here  w.  = 

for  the 
are  required, 
if 


+  to  ,  and  new  energy  must  be  supplied  at  both  id  and  to, 
process  to  continue.  That  is,  two  intense  inputs 
Such  a  process  is  referred  to  as  "up -conversion."  Notice  that 
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then 
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(11) 


(12) 


which  simply  corresponds  to  "frequency  doubling." 

From  the  point  of  view  of  simplicity  and  efficiency,  up-*convers ion  from 
the  5.0  pm  end  of  the  spectrum  is  less  desirable  than  down-conversion  from 
the  1.0pm  end  of  the  spectrum  due  to  the  added  requirement  of  in  intense, 
tunable  laser  input  ar-  the  idler  frequency  in  the  former  case. 

Hence,  broadband  tuning  over  the  1.0  -  5.0pm  range  is  most  easily 
accomplished  via  down-conversion  from  1.0pm.  This  naturally  suggests  neodymium 
as  the  pump  source,  which  has  12  laser  lines  between  0.9l45um  and  1.339pm, 
the  well  known  1.06pm  line  being  the  strongest. 

PHASE  MATCHING 


The  requirement  for  phase  matching  arises  from  the  dispersive  nature 
of  the  non-linear  media.  Basically,  since  the  phase  velocity  of  a  light  wave 
is  a  function  of  frequency,  the  "signal,"  "idler,"  and  "pump"  will  get  out 
of  step  "phase  wise"  wirh  each  other  as  the  interaction  proceeds,  thereby 
considerably  lessening  the  interaction  process.  In  order  to  "phase  match," 
one  must  "index  match. This  is  achieved  by  taking  advantage  of  the  bire- 
fringent  nature  of  the  crystal .whereby  the  "  numn11  wgyg  *5  fT^3d£  to  p rcp£»c»£ 
as  an  "extraordinary"  ray  while  the  "signal"  and  "idler"  propagate  as  ordinary 
rays.  Other  schemes  are  possible, 3, 4  such  as  the  pump  and  idjer  being 
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extraordinary  r«:ys  and  the  signal  as  an  ordinary  ray,  but  usually  tena  to  lessen 
the  “effective  non-1 i near i ty“  of  the  medium. 

Under  these  conditions,  it  is  then  possible  to  find  a  direction  of 
propagation  relative  to  the  crystalline  axis,  which  will  allow  all  three 
waves  to  have  the  same  phase  velocity  and,  hence,  to  interact  coherently 
over  the  full  length  of  the  crystal.  This  leads  to  a  maximum  transfer  of 
energy  from  the  pump  wave  to  the  signal  and  idler  waves. 

As  stated  previously,  the  phase  matched  condition  for  three  wave  inter¬ 
actions  is  defined  by  the  reiation^^ 
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ne2(®) + 
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n  0 
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(13) 


where  n  is  the  index  of  refraction  at  the  ith  frequency,  1,  2,  3  correspond 
to  the  signal,  pump,  and  i dler  wavelengths  and  o,  e  representing  ordinary 
and  extraordinary  rays.  The  phase  matching  direction  is  given  by: 
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where  9  defines  the  propagation  direction  relative  to  the  crystalline  Z-axis 
n  and  m  n  are  principal  indicies  of  refraction  of  the  crystal  and  n^t®) 
if  defined0  in  the  previous  equation.  4 

This  equation  defines  a  cone  of  possible  phase  matched  directions  about 
the  crystalline  Z-axis.  The  remaining  angular  coordinate,  0  is  specified  by 
that  direction  within  the  crystal  which  yields  the  greatest  "effective  non¬ 
linearity.  "3  This  direction  happens  to  be  along  the  negative  crystalline 
y-axis  for  LiNbO^  as  can  be  seen  in  the  relation: 

d  ,,  =  d  Sin  &  +  d  cos  6  {sln^B  -  3  cos2©..  1  (15) 

eff  15  m  22  m  1  s in  0J 


where  d ^  is  negative. 

The  actual  form  of  the  equation  depends  on  the  symmetry  of  the  crystal. 
|n  the  case  of  "Barium  Sodium  Niobate,"  Ba^NaNb  0  ,  we  have 

^  *  J 


which 


i  s 


eff 


essen 


=  d 

tial 


15 

ly 


2  2 
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independent  of  0  since 
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d.5~  d24 


(17) 


Tuning  of  a  parametric  oscillator  may  be  achieved  either  by  rotation  of 
the  crystal,  thereby,  changing  the  phase  matching  direction,  or.  by  varying 
the  temperature  of  the  crystal,  which  effects  the  relative  magnitudes  of  the 
extraordinary  and  ordinary^  indicies  of  refraction.  The  phase  matching 
direction,  &m>  is  then  affected  via  Equations  (14)  and  (15). 

Rotation  of  the  crystal  is  the  most  convenient  means  of  tuning,  but  if 
large  angles  are  involved  it  introduces  a  source  of  "walk  off"  for  the  three 
beams  due  to  the  dispersive  nature  of  the  crystal.  For  large  bandwidths, 
temperature  tuning  is  the  most  practical  and  allows  for  normal  incidence 
to  the  crystal  for  all  three  waves  throughout  the  spectrum.  However,  it  does 
require  the  use  of  an  oven  having  reasonable  sensitivity  and  temperature 
stabi 1 ity  which, ultimately, tends  to  lessen  the  overall  simplicity  and 
efficiency  of  the  system. 

A  typical  temperature  tuning  curve  for  a  LiNbOj  down-converter  is 
shown  in  Figure  1.  Notice  that  a  150°C  temperature  variation  allows  for 
tuning  between  1.4  and  4.0um.  Approximately  450°C  variation  would  be  required 
for  the  full  l.Oum  -  5.0ym  range.  Figure  1  is  representative  in  form  of  the 
tuning  curves  of  most  uniaxial  crystals,  although  the  actual  tuning  rates 
(with  temperatures)  would  be  a  function  of  the  individual  crystal  type. 

it  should  be  noted  that  requirements  on  the  crystal  oven  stability  are 
a  function  of  position  on  the  tuning  curve.  Near  degeneracy,  the  signal  and 
idler  frequencies  are  quite  sensitive  to  temperature  changes,  whereas,  far 
from  degeneracy  they  are  relatively  insensitive  to  temperature  variations. 

In  point  of  fact,  it  is  frequently  possible  to  achieve  stable  oscilla¬ 
tions  for  frequencies  far  removed  from  degeneracy  and  phase  matched  near  room 
temperature  without  the  aid  of  an  oven. 

A  more  exact  discussion  of  temperature  tuning  would  require  specifying 
the  crystal  type.  Data  on  the  temperature  variations  of  the  indicies  of 
refraction  of  LiNbOj  may  be  obtained  in  the  references. 

THRESHOLD  AND  EFFICIENCY 

The  relevant  practical  aspects  of  a  tunable  parametric  oscillator  are 
its  threshold  of  oscillation  and  its  conversion  efficiency. 

3 

The  formula  for  threshold  is  given  by  Boyd  &  Kleinman  as 


rj_+_v|  \  8  fie2  I 
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The  function  — *  T?  _  deoends  on  how  far  from  "degenerate"  operation 

o-vVo-n 

-jo.,  and  co_  are.  and  is  a  minimum  -  eaual  to  unitv  -  at  deaeneracv.  The 

j  <  '  *'  ' 

quantities  are  the  single  pass  power  losses  at  the  signal  and  idler  frequencies, 
and  k  (3§)  is  a  complicated  expression  describing  the  combined  effects  of 
fccusmg^and  double  refraction .  According  to  the  literature,  *  is  a  near 
constant^  varying  by  no  m ore  than  10%  from  rhp  vaii.*e  of  0.0330  ?or  crystals 
between  3  mm  and  1  cm  under  optimal  focusing  conditions. 

For  one  percent  losses  at  the  signal  and  idler,  one  obtains  a  threshold 
for  Lithium  Niobate  of  approx imate ly  10  watts.  This  is  very  low  compared  to, 
say,  Raman  Conversion  which  is  on  the  order  of  2  megawatts.  Hode  and  phase 
matching  of  the  laser  ana  oscillator  cavities  usually  raises  this  value  some~ 
wh3t  (50  watts  -100  watts)  depending  on  many  parameters.  This  is  still,  low, 
however,  for  giant  pulse  operation  or  even  for  repetitively  Q-switched 
operation  but  tends  to  make  CW  operation  difficult  to  achieve.  Hence, 
threshold  is  not  the  prime  factor  to  be  considered  when  discussing  pulsed 
parametric  oscillators.  Of  more  importance,  for  large  bandwidth  tuning  is 
the  conversion  efficiency  as  a  function  of  frequency  shift. 

Consider  the  energy  relation 
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or  A  =  Of  course,  there  is  nothing  sacred  about  the  nanes  signal 

and  idler.  One  could  just  as  well  crake  the  L6fejOj  be  set  the  output  “"signal” 
and  the  “"idler88  at  3-Qbca  sicrpiy  by  changing  the  oscillator  rer iectivities. 
The  important  thing  to  Cvft5?<fer  here  5s  the  energy  resatiee,  Eguetiocs  (*§)  „ 
which  cay  be  rewritten 


n  =  n  ©j  +  n  ©j 


This  sicply  ceans  that  each  punp  pfiotcn  that  splits  into  a  signal  and  an 
idler  photon  at  frequencies  cd.  and  ©  does  so  in  proportion  to  their 
frequencies.  For  our  example1  * 


(Energy)^  =  f3  =  '  1  =  L&Z  ~  .^5  (25) 

(EneryjfJj  Sj  3-0 


The  energy  available  at  3 .Cbta  will  be  approximately  ote-half  that  at  i.&kta 
and  will  comprise  only  one  third  of  the  total  energy  in  all  three  beams. 

In  general,  the  greater  the  frequency  shift  the  less  the  conversion  efficiency 
by  the  very  fact  that  it  is  a  single  photon  process.  Of  course,  if  the  system 
design  permits  use  of  both  the  signal  and  idler  as  the  "output"  such  as  near 
or  on  degeneracy,  then  the  overall  no-loss  efficiency  is  effectively  doubled. 
It  should  be  noted  that  although  we  are  considering  a  "single-photon"  process, 
other  multiple  photon  processes  are  still  present  in  the  form  of  noise  (phase 
matching  prevents  amplif i cat ion  of  any  but  the  desired  interaction).  These 
"higher  order*’  interactions  tend  to  lower  the  overall  efficiency  by  lessening 
the  number  of  pump  photons  available  for  the  desired  interaction.  However, 
such  effects  are  minimal  when  operating  well  above  threshold. 

CRYSTALS 

There  are  many  parameters  to  be  considered  when  choosing  a  non-linear 
crystal.  Some  of  the  more  obvious  ones  are:(l)  Optical  transparency  over 
the  spectrum  of  interest;  (2)  A  large  effective  ncn-1 ineari ty;  (3)  Phase 
matching  capability  at  reasonable  temperatures  over  the  full  spectrum  of 
interest;  (k)  Relatively  advanced  crystal  growing  techniques  which  yield 
sufficiently  large  and  optically  pure  crystals;(5)  Freedom  from  water 
solubility  (non-hydroscop ic)  problems;  (6)  Curie  temperature  outside  of  the 
phase  matching  temperature  range.  There  are  many  crystals  which  meet  some 
or  all  of  these  requirements,  and  a  brief  review  of  these  will  follow. 

Potassium  Dihydrogen  Phosphate  (KDP) 

This  is  one  of  the  earlier  crystals  used  in  parametric  and  second 
harmonic  generation.  However,  its  transmission  spectrum  is  restricted  to 
the  0.22  and  1.5  fim  range,  is  water  soluble  and  has  a  melting  point  of 
252.6 °C.  Hence,  it  is  a  poor  candidate  for  the  1.0  jurr  and  5-0  jjm  spectrum. 

L?;NbQ^  -  Lithium  Kiobate 

This  material  is  the  most  commonly  used  nonlinear  material  at  the 
present  time.  Some  of  its  parameters  are  listed  in  Table  I. 
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Table  ! .  Properties  of  Lithium  aicfeate 


Point  Sncisp  Sysnnaetry 

3m 

Indicies  cf  gefractscn 
(at  1.0a,  ST P) 

n  =  2.2237 
n®  =  2.157 

Kcn-linear  Coefficients 
(relative  to  of  ffi?) 

d3!  =  n-9± 

d  =  -6.3  ♦  0.6 
22  — 

d33  *  ,e?  * 

Transparency 

O.hu  -  5-0p 

Curie  Te^eroture 

!210°C 

3i refrin^ence 

yjecative  Uniaxial 

Voter  Sol  m/  ■  1  ■  ty 

Hone 

Kotice  the  high  Curie  temperature,  the  large  transmission  spectrum  and 
the  lack  of  any  water  solubility  problems.  Also  ieportant,  is  the  fact  that 
its  non-linear  coefficients  are  approximately  11  times  that  cf  of  KD P. 

(djj  and  <^2  are  the  relevant  non-linear  coefficients  for  LiHbO^.  (See  Equa¬ 
tion  (15).)  Two  other  characteristics  of  Lil&O^  aignt  be  mentioned.  The 
material  has  a  tendency  to  TGi«  trsppso^  centers  5 1 1  it?? n3t_d  in  the 
visible  region  of  the  spectrum.  However,  these  effects  disappear  below  1.0/sa. 
Also,  above  55G°C  the  materia!  begins  to  loose  oxygen  and  discoloration  sets 
in.  To  prevent  this,  it  is  necessary  to  incorporate  an  oxygen  f lor  system 
into  the  crystal  oven.  Free:  the  systems  point  of  view,  this  would  be  quite 
undesirable,  hence  the  effective  tuning  range  of  the  crystal  would  be  from 
6u°C  to  approximately  580 °C.  The  former  temperature  is  chosen  so  that  the 
system  is  always  above  ambient,  obviating  the  need  for  a  refrigeration 

eye 


According  to  the  previous  sections,  such  a  temperature  tuning  range  is 
more  than  sufficient  to  phase  match  l.illbO^  over  the  entire  1.0  -  5.0  pm 
spectrum. 


Single  crystal  LiHbO? 
as  i  cm  -  I  cm  -  2  CJfi,  .u i 


is  also  available  commercially  in  sizes  as 

-*  - *tnn  In 

O  t  LHC  pi'OJW  •*-# 


large 


Ba^aKb^Oj,- 


Barium  Sodium  Hiobate  (!,8sr«a na”) 


This  is  a  very  promising  material,  having  larger  non-linear  coefficients 
than  LiNbO^.  Some  of  its  properties  are  listed  in  Table  |j. 
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Ts&ie  11.  Properties  of  Saraurn  Soditxn 
SSisbaze. 


Point  Group  Symmetry 

cm  2 

O?  rSCS 5 CSs 

r.  =  2.262 

{i.Gccna  SIP) 

n®  =  2-175 
e 

Ste-lisiear  Coefficient 

d*s  =  =  *7  *  5 

(relative  to  dL,.  of  0®?) 

Jo 

d32  =  i  2 

*33  ’  21  1  2 

Trans^rency 

Curie  Temperature 

560°c 

Birefringence 

Jfegative  Uniaxial 

Meter  $Qlz*bt  Hty 

! 

Although  this  crystal  has  twice  the  non-linearity  of  L  1K&O3,  its  major 
drawback  is  that  it  charges  froo  Orthorhombic  to  tetragonal  structure  at 
300OC  and  hence  its  usable  tuning  range  would  be  restricted  to  609C  -  300 °C. 
Other  than  this,  the  caaterial  is  quite  precising.  Sufficiently  large  crystals 
can  be  grown,  although  the  percentage  yield  is  still  less  than  LiKbO^.  Also, 
the  aaotmt  of  information  available  in  the  literature  on  "Banana”  as  a  down- 
converter  is  less  than  that  for  Li K0O3. 

Ag^AsS.,  -  Proust  ite 

This  aaterial  has  very  high  non-linear  coefficients,  as  shown  in  Table 
However,  it  is  rather  difficult  to  grow  due  to  the  hazards  of  arsenic 
and  generally  has  poor  optical  quality. 


Table  lit.  Properties  of  Proust ite. 


Sjaj_JBas&Ej2®6  ”  Strontium  Bari am  Kicoate  -  "5zraeh>srr¥,,‘ 

This  material  hss  excellent  raon-linear  properties  and  is  transparent 
baEveen  0.4cm  -  6.0  pm.  its  structure  is  4  sum.  Kcweycr »  at  is  a  poor 
choice  for  very  broadcast  parametric  tuning  because  cf  its  lor  Curie  tempera— 
tare  23S^E«  "ifssrie  are  savers*  ratios  cf  Sc/Ss  ccnciercia*  !y  available.  tbs 
curie  temperature  increasing  as  the  Barium  content  increases,  Ultimately, 
however,  era  is  limited  by  poo-  crystalline  optical  quality  at  Eiicpi  barium 
csaceatratioas  (sninisnam  Sc/fes  *  0-25)  - 


SaTi03  -  Barium  litanate 


This  material  possesses  quite  hicpi  non— linear  coefficients  as  can  be 
seen  in  'Sable  1?. 


Table  IV.  Properties  of  Barium  Titanate. 


1J 


LiT 3®j  -  cisbienn  Taotalaj— 


__  This  <>  a  vfcfy  prGroiisieg  materia?  r*av:sg  irss  ffss  Scaring  properties 
's*ale  ?}: 

T^b!e  V.  Properties  off  Littbisns  Tantalate. 


: - 

1 

|  Structure  -  Sbmfocihedrai 

3ro  | 

■  Indicies  off  Refraction 

n  «  2-1^®  I 

n®  =  2.1^5  I 

e 

imear  Coefficients 

d  .  ~  13  I 

3*  I 

-  ss 

1 

(relative  to  d  „  £E?) 

|  Optical  Transmission 

0.4  -  4.5=^j  5 

|  Curie  Temperature 

610°0  I 

j 

|  Birefringence 

Positive  | 

|  Water  Soitbiiity 

News  | 

LiTaOj  seems  to  have  excellent  optical  damage  characteristics,  being 
two  to  three  orders  off  magnitude  higher  than  the  threshold  for  LilhO^ 

(25  W/ca?).  However,  little  information  is  available  on  the  phase  matching 
characteristics  of  the  material  ever  the  1 .5  -  5.0  jsa.  St  is  possible 

that  the  small  difference  between  the  extra-ordina;y  and  ordinary  indicies 
of  refraction  would  prevent  phase  catching  at  any  angle  for  large  frequency 
shifts. 


There  are  many  snore  crystals  in  which  parametric  interactions  can  take 
piece,  but  ail  have  sooe  major  disadvantage  such  as  a  restricted  tuning  range 
or  a  lew  non-linearity,  fit  the  present  state  of  the  art,  Lif&tK  is  generally 
considered  to  be  the  best  crystal  for  large  bandwidth  tuning. 

OSCILLATOR  DESIGHS 


There  are  several  expericentai  techniques  for  achieving  optical  parame¬ 
tric  frequency  conversion,  which  have  been  discussed  in  the  literature.  ^>7,3 


*#***4»  V  cH/iutr  </ 


.3w.w  - - -  .> — ^  or  .  vw*i*  «  ijlii  dti  vr>a  «>i  wcj  t  ^1  f  as  u  rc  tiAO  t 

basic  approach  wherein  the  pup  wave  is  sicply  injected  into  the  oscillator 
cavity  through  the  1C0%  mirror.  Although  the  most  popular  design,  it 
frequently  suffers  frem  severe  mirror  damage  problem  at  high  input  pump 
powers.  This  is  a  consequence  of  the  relative  difficulty,  although  tschr. I — 


•  o « • 

tl  «3UI  tic*  Wf  <k/l  VC 


cally  achievable  at  the  present  time,  of  Staining  good  optical  quality  multi¬ 
layer  viclvCtr«c  sirrer  coatings  which  reflect  strongly  at  the  signal  and 
idler  wavelengths  and  traresmit  at  the  pump  wavelength,* 


Further,  large  bandwidth  requirements  (1.0  -  5-0um)  would  require  several 
sets  of  mirrors  (multilayer  type)  in  order  to  cover  the  full  spectrum. 
Typically,  the  higher  the  reflectivity,  the  narrower  the  bandwidth  of  the 
mirror  so  that  the  100%  oscillator  mirrors  would  be  quite  restricted  in  band¬ 
width,  especjally  if  they  are  doubly  resonant. 
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B. 


PUMP 


OUTPUT  A 

MIRROR 

MIRROR  A  —  100%  AT  SIGNAL 

100%  AT  IDLER 
0.00%  AT  PUMP 

MIRROR  B  —  ICO%  AT  IDLER 

PARTIAL  AT  SIGNAL 


I  LASER  I  IxTAlI 

i _ _ _ I  l _ I 


8 


! 

I 
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MIRROR  A  —  100%  AT  SIGNAL 

100%  AT  IDLER 
100%  AT  PUMP 

MIRROR  8  —  iOG%  AT  PUMP 

100%  AT  IDLER 
PARTIAL  AT  SIGNAL 


Figure  2.  Typical  device  configurations. 
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100% 


Figure  2.  Typical  device  configurations  (continued). 

U* 


ioo% 


Ossioi  5  el  id) i nates  cite  scirror  darrace  prcbleni  at  the  input  by  using  a 
coiiw*  fer  berb  iessr  and  esc; !  istor,  However,  this  intreeoces  the 

added  complication  of  a  dispersive  and  most  likely,  absorptive  catsrial 
into  the  oscillator  cavity.  In  fact,  such  a  design  is  not  compatible  with  Kd; 
glass  or  Kd:  YA£  since  the  rasdpius  sen  has  absorption  below  1.35.  (it  should 
be  remembered  that  if  the  signal  (cr  idler)  is  tuned  near  the  low  frequency 
end  of  the  spectrum  (5.Gt>a) ,  the  camcnicai  wave  (idler  cr  signal)  will  approach 
the  pusp  wavelength  (i.Oo  ps))  (See  Figure  l)  Bence,  a  dosfciy  resonant 
intra-cavity  system  would  be  somewhat  restricted  in  bandwidth. 

Design  C  is  unique  in  that  it  takes  advantage  of  the  fact  that  the  signal 
and  tbs  idler  waves  are  orthogonally  polarized  to  the  pump  wave.  A  Glan- 
Thoopscn  prism  allows  for  efficient  injection  of  the  pump  beam  into  the 
oscillator  cavity  while  permitting  almost  loss  free  resonance  of  the  signal 
and  idler  waves.  There  is  a  slight  disadvantage  here  due  to  the  dispersive 
nature  of  the  prism,  which  tends  to  upset  the  phase  and  code 
catching  characteristics  of  the  oscillator  cavity.  In  principle,  however, 
it  is  quite  premising. 

Design  D  is  a  singly  resonant  system,  meaning  only  the  signal  or  idler 
sees  a  resonant  cavity.  This  approach ,  introduced  by  Faulk  and  Hurrey®  as  a 
Non-Col  1  inear  Oscillator  takes  advantage  of  the  double  refraction  properties 
of  the  crystal.  In  general,  for  such  a  crystal,  the  direction  of  propagation 
is  not  the  same  as  the  energy  flow  direction  S’  (Poynting  Vector),  due  to  the 
anistropic  nature  of  the  medium.  Under  normal  phase  matching,  £j  (signal) 
iej  (idler)  and  {^(pisap)  are  all^  Col i inear  or  parallel,  in  the  Faulk  and 
Kurrey  scheme,  (idler)  and  S£  (pump)  are  coH inear_Khich  allows  for  a  greater 
interaction  length  for  the  energy  flow  vector  and_kj  (idler)  (or  S3  (idler)) 
since  the  idler  is  an  ordinary  wave,  and  therefore,  k  and  S  are  parallel. 
Efficiencies  up  to  *>6%  have  been  reported  using  this  scheme. 

Finally,  design  E  utilizes  resonant  reflectors  in  order  to  obviate  mirror 
damage  problems.  As  is  well  known,  stacked  resonant  reflectors  are  simply 
plane  parallel  dielectric  plates  which  when  illuminated  coherently,  may  yield 
very  high  reflectivities  (99%)  depending  upon  the  index  of  refraction  of  the 
material  and  the  number  of  plates  used.  They  also  have  a  very  irregular 
reflectivity  vs  frequency  curve  which  seldom  goes  to  zero  anywhere  in  the 
spectrum.  This  results  in  a  high  average  reflectivity  over  a  bandwidth 
limited  only  fay  the  transmission  spectrum  of  the  material.  Hence,  the  signal 
idler  and  pump  may  be  made  to  resonate  from  one  reflector  throughout  the 
entire  tuning  range  of  the  oscillator.  Moderate  broadband  coatings  of  both 
mirrors  could  tnen  be  used  to  isolate  the  two  cavities.  All  of  these 
oscillator  designs  would  require  the  use  of  optical  materials  which  are  highly 
transparent  over  the  l.Ou  -  5. On  spectrum.  There  are  many  “window"  materials 
which  are  transparent  in  choir  region,  but  a  large  percentage  of  these  are 
hygroscopic  (water  soluble)  in  nature.  Sapphire  is  a  non-hvgroscopic, 
extremely  hard  material  which  is  transparent  out  to  6.0.  It  is  also  anistropic 
so  that  consideration  must  be  given  to  the  crystal  axis  orientation  relative 
to  the  polarization  of  the  three  waves.  Of  course,  zero  degree  orientation 
of  the  C  axis  relative  to  the  direction  of  propagation  will  eliminate  any 
polarization  effects.  Some  properties  of  Sapphire  and  other  mater ials, which 
might  he  appl i cable, may  be  found  in  Kruse,  et  ai,9  Harshav,10  and  Isomet. 


Feces i ng  of  the  pump  beast  in  the  crystal  is  a  ccosonly  used  technique 
to  raise  the  power  density  of  the  psp.  Care  sust  he  exercised  here, 
hvwcVcr y  so  that  the  pOrc r  density  does  not  reach  the  das&ge  tnresnoid  of  the 
non-linear  crystal.  In  the  case  of  Li HbOj,  this  value  is  generally 
accepted  to  be  on  the  order  of  {2.5  *  5.0}  W/be?.  A  giant  pulse  laser  with 
a  1  sxa  code  disseter  is  already  near  this  value,  so  that  it  is  usually  risky 
to  esploy  focusing  in  such  systems.  However,  it  nay  be  used  advantageously 
in  a  high  repetition  rate,  Q-switcmed  system  where  peak  “pump"  powers'  are 
on  the  order  of  one  kilowatt.  Such  fucosing  will  naturally  reduce  the  total 
interaction  length  of  the  three  waves,  but  this  is  compensated  for  by  the 
increased  pewer  density  of  the  pissp.  An  "opU'ara  focusing"  condition,  which 
involves  a  compromise  between  interaction  length  and  focused  spot  size,  is 
discussed  expensively  in  the  literature.^ 


KOBE  OF  OPERATION 


A  parametric  down-converter  may  be  cade  to  foliow  any  mode  of  operation 
of  the  pump  laser.  These  night  include  the  CW,  giant  pulse  or  repetitively 
(^-switched  nodes.  Of  course,  CW  operation  is  the  most  difficult  to  achieve 
because  of  the  high  oscillator  threshold,  although  it  is  not  entirely 
impractical.  Giant  ppjlse  operation  is  the  most  efficient  since  the  oscillator 
is  working  above-threshold.  Such  a  device  has  been  designed  and  built  under 
U5  Array  contract'for  down-conversion  to  1.5*ttua.  Conversion  efficiencies  on 
the  order  of  1C%  were  achieved.  This  design  did  not  utilize  focusing  of  the 
pump  but  rather  injected  the  pump  bean  directly  into  the  oscillator  cavity 
and  crystal.  A  large  LiNbO^  crystal,  two  centimeters  in  length,was  used  to 
obtain  a  long  interaction  path. 


High  repetition  rate  (kHz)  Q-switched  Nd:YAG  has  also  been  used  as  a 
pump.  Here,  peak  powers  on  the  order  of  one  kilowatt  are  still  far  above 
threshold  for  the  oscillator.  Average  powers  of  bo  milliwatts  at  2.13  pm 
(degeneracy)  have  been  reported.  In  this  scheme,  focusing  was  accomplished 
with  a  10  cm  lens  into  a  3.5  mm  long  crystal.  The  repetition  rate  was 
2  kHz  with  a  peak  pump  pulse  power  of  1  i 4/  and  a  200  ms  pulse  half  width. 

An  average  power  conversion  efficiency  of  approximately  10%  was  obtained. 


CONCLUSIONS 


Parametric  oscillators  tunable  over  the  1.0pm  -  5-Oiim  spectrum  are 
oresently  quite  feasible.  There  are  no  major  restrictions  on  the  mode  of 
operation  of  these  devices,  so  that  they  are  essentially  as  versatile  as  the 
pump  laser. 


The  pump  laser  may  be  operated  single  or  multi-mode,  Q-swi tched  or  CW, 
and  still  be  compatible  with  the  parametric  oscillator  requirements.  In  all 
cases ,  however,  the  pump  beam  should  be  polarized  so  ihai  » c  actcis*  ics  cue 
phase  matching  requirements  most  effectively  and  should  not  exceed  the 
damage  threshold  of  the  crystal.  NdrYAG  is  the  best  choice  for  high  repeti¬ 
tion  rate  or  CW  operation,  whereas,  Nd:  Glass,  with  its  broad  100  $  inhomo- 
genance  fluorescent  laser  line,  is  the  best  choice  for  high  power  work. 
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Optical  components  should  be  transparent  throughout  the  spectrum  of 
*j « c-  and  « ■  ih  3  high  resistance  to  .optical'  damage. 
Sapphire  is  a  premising  choice  here.  Glass  and  quartz,  the- most  common 
materials  for  optical  components,  begin  to  absorb  near  3.0pro  end  so  must 
be  ruled  out.  Anti -ref lection  coatings,  as  well  as  moderate  reflectively 
coatings,  may  be  utilized  over  much  of  the  spectrum  to  optimize  the  system. 


Harrow  band,  multi-layer  dielectric  mirrors  are  not  practical  to  use 
nor  easy  to  make  for  such  a  large  tuning  range.  I nstead, braodbarid 
resonant  reflectors  or  total  internal  reflection  prisms  should  be  used. 


LiNbOo  crystals  cast  in  accordance  with  phase  matching  requirements  are 
readily  available  commercially. 

Crystal  ovens  may  also  be  purchased  or  designed  specifically  to  match 
b  particular  system. 

Expected  conversion  efficiencies  ere  on  the  order  of  10%  for  sma 1 1 
frequency  shifts  falling  off  as  the  ratio  of  wavelengths  for  higher  shifts. 
Assuming  a  pump  laser  efficiency  of  approximately  1%,  an  overall  system 
efficiency  of  0.1%  at  the  signal  wavelength  should  be  realizable. 
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